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Upregulation of circ-ASPH contributes to glioma
cell proliferation and aggressiveness by targeting the
miR-599/AR/SOCS2-AS1 signaling pathway

YIQU'?*, LIQI*", LIGUO HAO* and JIAN ZHU'?

1Department of Neurosurgery, The First Hospital of Qiqgihar; 2Department of Neurosurgery,

Qigihar Hospital Affiliated to Southern Medical University; 3Department of Nursing, Qiqihar Medical University;
4Department of Medical Technology, Qiqgihar Medical University, Qiqihar, Heilongjiang 161000, P.R. China

Received July 23, 2020; Accepted February 11,2021

DOI: 10.3892/01.2021.12649

Abstract. Glioma (GM) is the most common type of
malignant brain tumor with a high recurrence rate.
Circular RNAs (circRNAs) play a key role in mediating
tumorigenesis. However, the functions and mechanisms of
circRNAs in GM are still not fully understood. A circRNA
microarray was performed to identify differentially
expressed circRNAs in GM and non-cancerous specimens.
Reverse transcription-quantitative PCR was used to detect
circ-aspartyl/asparaginyl -hydroxylase (ASPH) expres-
sion in GM tissues and cells. The clinical importance of
circ-ASPH was investigated using Kaplan-Meier analysis.
The functions of circ-ASPH were investigated in LN229 and
US87MG cells. Bioinformatics, RNA immunoprecipitation,
RNA pull-down and luciferase reporter assays were used to
explore the mechanisms of circ-ASPH in GM. circ-ASPH
levels were upregulated in GM specimens and cells. The
prognostic role of circ-ASPH was identified in patients
with GM. Loss/gain of function assays demonstrated that
circ-ASPH increased cell proliferation, migration and inva-
sion in GM cells. Mechanistically, circ-ASPH counteracted
microRNA (miR)-599-mediated androgen receptor (AR)
suppression by acting as a sponge for miR-599. Rescue
assays indicated that circ-ASPH facilitated cell progression
by regulating AR expression. Moreover, AR activated long
non-coding RNA suppressor of cytokine signaling 2-anti-
sense RNA 1 (SOCS2-ASI) expression in GM cells. Taken
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together, circ-ASPH/miR-599/AR/SOCS2-AS1 signaling
may be a promising biomarker/therapeutic target for GM.

Introduction

Glioma (GM) is the most common type of malignant brain
tumor, with high recurrence, accounting for 74.6% of all malig-
nant central nervous system tumors in America between 2009
and 2013 (1). The morbidity of GM is higher in men (56.3%)
compared with in women (43.7%) (2). Even with aggressive
treatments, such as neurosurgical resection followed by radical
combined radiochemotherapies, these notoriously infiltrative
tumors invariably recur, and there has been no significant
improvement in the overall survival rate of patients with GM
in recent decades (3). Therefore, understanding the complex
biological characteristics of GM and identifying suitable
prognostic biomarkers are urgently needed.

Circular RNAs (circRNAs), a novel group of conserved
RNAs, exert pivotal functions in mammalian cells (4). The
present evidence demonstrates that circRNAs regulate the levels
of miRNAs as sponges for miRNAs or alter gene transcription by
binding to RNA-binding proteins (5,6). In recent years, circRNAs
have been reported to be closely associated with several diseases,
such as cancer and diabetes (7-9). Moreover, they are essential for
the development of GM. For example, circ-HIPK3 acts as a prog-
nostic biomarker for GM and promotes cell aggressiveness by
targeting miR-654/insulin-like growth factor 2 mRNA-binding
protein 3 signaling (10). Another study indicated that circPTN
sponges miR-145-5p/miR-330-5p to promote proliferation and
stemness in GM (11). Androgen receptor (AR) is a transcription
factor that regulates eukaryotic gene expression and affect cellular
proliferation and differentiation in target tissues (12). Suppressor
of cytokine signaling 2-antisense RNA 1 (SOCS2-AS1) is a
type of long non-coding RNA (IncRNA) that acts as oncogenic
function in human cancer progression (13). Homo sapien (hsa)
circRNA_104634 is spliced from the aspartyl/asparaginyl
B-hydroxylase (ASPH) gene (chr8:62593526-62596747) and
the spliced length is 264 nucleotides. The current research
aimed to identify the functions and possible mechanisms of
hsa_circRNA_104634 (circ-ASPH) in regulating GM cell
progression.
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Materials and methods

Patients and tissues. In total, 60 fresh GM/non-tumor samples
were obtained during surgical resection from the patients
with GM at the Qiqihar Hospital Affiliated with Southern
Medical University (Qiqihar, China) from January 2014 to
January 2016. The cohort consists of 60 patients (age range:
17-67 years old; 39 male, 21 female). The inclusion criteria
are as following: i) The patients tissues were examined by at
least two experienced pathologists; ii) the patients underwent
radical resection with a clear surgical margin and the adjacent
non-tumorous tissues were at least 1-cm away from the tumor
edge; iii) the patients with available follow-up information
(over the phone); iv) none of the patients received anticancer
treatment before the surgery and no history of other types of
cancer. The exclusion criteria are that the patients with serious
diseases or severe chronic diseases. Overall survival time was
determined as survival time after surgery. The specimens
were frozen in liquid nitrogen immediately after surgery and
stored at liquid nitrogen (-196°C). The project was authorized
by The Ethics Committee of Qiqgihar Hospital Affiliated with
Southern Medical University and written informed consent
was obtained from all patients. The patients were divided into
high- and low-circ-ASPH groups according to the median
expression level of circ-ASPH in cancer tissues.

Cell culture and transfection. GM cell lines including U251,
U87MG (glioblastoma of unknown origin), LN229 and normal
human astrocyte cells (NHAs) were acquired from The Cell
Bank of Type Culture Collection of The Chinese Academy of
Sciences or The American Type Culture Collection. The cells
were cultivated in RPMI-1640 medium (HyClone; Cyvita)
containing 10% fetal bovine serum (FBS) (Gibco; Thermo
Fisher Scientific, Inc.) in a 37°C, 5% CO, incubator.
MicroRNA (miR)-599 mimics, miR-599 inhibitor and
scramble oligonucleotide were obtained from Shanghai
GenePharma Co., Ltd. circ-ASPH/AR small interfering
(si)RNAs and overexpression vectors were obtained from
GuangzhouRiboBio Co.,Ltd. Transfection was conducted when
cell confluence reached 60-80% using Lipofectamine® 3000
(Invitrogen; Thermo Fisher Scientific, Inc.) according to
the manufacturer's instructions. LN229 cells were used for
knockdown experiments (transfection with si-circ-ASPH-1/-2
or si-NC) because it has the highest expression of circ-ASPH.
U87MG cells were used for overexpression due to its lowest
circ-ASPH expression (transfection with circ-ASPH vector or
empty vector). The targeted sequences of siRNA-circ-ASPH
are listed as follows: si-circ-ASPH-1, 5'-AGTTTTATTAGA
GACAAAGCA-3' And si-circ-ASPH-2, 5-CCAAAGTTT
TATTAGAGACAA-3". si-AR sequence was 5'-AAGAUA
AUAACUCAGUUCUUATT-3". si-NC sequence was 5'-UUC
UCCGAACGUGUCACGUTT-3". miR-599 mimics sequence
was 5'-GUUGUGUCAGUUUAUCAAAC-3'. miR-599
inhibitor sequence was 5'-GUUUGAUAAACUGACACA
AC-3'. Mimics-NC sequence was 5'-UUCUCCGAACGU
GUCACGU-3'. Inhibitor-NC sequence was 5-CAGUACUUU
UGUGUAGUACAA-3". In total, 5 ul of siRNA (20 uM) or
2.5 ug of plasmid vector with 5 ul of P3000™ reagent was
diluted in 125 ul serum-free medium. After 5 min of incuba-
tion at 22-25°C, the reagents in the two tubes were combined.

After 15-20 min, the mixtures were added into a six-well
plate with serum-free medium. Following 8 h of incubation
at room temperature, the medium was r-eplaced with medium
containing 10% FBS (Gibco; Thermo Fisher Scientific, Inc.).
Total RNA isolation was performed at 48 h after transfection.
Protein extraction was conducted at 72 h after transfection.

circRNA sequencing. Total RNA from 4 pairs of tumor/adjacent
nontumorous tissues was extracted using TRIzol® (Invitrogen;
Thermo Fisher Scientific, Inc.) following the manufac-
turer's instructions. Non-circular RNAs were digested by
ribonuclease R. circRNAs were amplified and transcribed
into fluorescent cRNA by the random priming method (14).
Arrays were scanned using the Illumina sequencing platform
(Illumina, Inc.).

Reverse transcription-quantitative (RT-q)PCR. Total RNA
from GM specimens and cells was obtained using TRIzol
reagent. Reverse transcription assay was performed using
SuperScript RT kit in accordance with the manufacturer's
protocol (Invitrogen; Thermo Fisher Scientific, Inc.). The
reaction was set at 25°C for 10 min, 42°C for 60 min, 85°C for
5 min. SYBR-Green qPCR master mix (Invitrogen; Thermo
Fisher Scientific, Inc.) was applied to conduct RT-qPCR. The
reaction volume was 10 pl. The thermocycling conditions
were as follows: 90°C For 5 min, then 90°C for 15 sec, 60°C
for 30 sec for 45 cycles. The 224%4 method was employed
to analyze gene expression (15). For circRNA and mRNA
quantification, GAPDH was used as the internal reference. For
miRNA (small non-coding RNA) quantification, U6 was used
as the internal control. The primers for circ-ASPH, GAPDH
and U6 were as follows: circ-ASPH: 5'-AACTTATCAGAG
GTGCTTCAAGG-3' (Forward) and 5'-GAAGTTCCTGAG
AGTCCGCC-3' (reverse), ASPH: 5-CATGGAGGACAC
AAGAATGGG-3' (forward) and 5-CCAAACGACAGCTAC
AGATGT-3' (reverse), AR: 5'-GACGACCAGATGGCTGTC
ATT-3' (forward) and 5-GGGCGAAGTAGAGCATCCT-3'
(reverse), SOCS2-AS1: 5-CCATACAGGTCAACTTTTCCA
CCAC-3' (forward) and 5-CCAACCTCAGCTCTGCTCTCT
T-3' (reverse), GAPDH: 5-GGGAGCCAAAAGGGTCAT-3'
(forward) and 5'-GAGTCCTTCCACGATACCAA-3' (reverse),
miR-599: 5'-GTTGTGTCAGTTTATCAAAC-3' (forward) and
5'-%CTCCATATCGCACTTTAATCTCTAACT-3' (reverse),
U6: 5'-ATTGGAACGATACAGAGAAGATT-3' (forward) and
5'-GGAACGCTTCACGAATTTG-3' (reverse).

Treatment of Actinomycin D. After cell inoculation in six-well
plates (2.5x10%/well), the transcriptional inhibitor actino-
mycin D (EMD Millipore) was added to the culture medium
at 2 mg/ml for respective 0, 4, 8, 12 and 24 h. Then, total RNA
was extracted and RT-qPCR was used to detect the expression
of circ-ASPH and linear ASPH mRNA as aforementioned.
The detection methods used for RNA isolation and RT-qPCR
were identical to aforementioned.

Subcellular fractionation test. A PARIS kit (cat. no. AM1921;
Thermo Fisher Scientific, Inc.) was used to separate RNAs in
the cytoplasmic and nuclear fractions in accordance with the
manufacturer's instructions, followed by RT-qPCR with U6 and
GAPDH as the nuclear and cytoplasmic controls, respectively.
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RNA immunoprecipitation (RIP). A RIP assay was
conducted using the Magna RIP RNA-Binding Protein
Immunoprecipitation kit (EMD Millipore). GM cells were
transfected for 48 h. The adherent cells were cultured until
80-90% confluency in dishes. In total, 2.0x107 cells were lysed
using 200 ul complete RIP lysis buffer (EMD Millipore). The
cell lysates were incubated with 50 ul magnetic beads protein
A/G conjugated with 5 g antibodies against Argonaute 2
(anti-Ago2; 1:30; cat. no. ab186733; Abcam) or IgG (anti-IgG;
1:50; cat. no. PP64B; EMD Millipore) for 30 min at room
temperature. Then 900 pl of RIP immunoprecipitation buffer
was added to each tube, which were incubated with rotation
for 6 h at 4°C. The beads were then washed and incubated with
150 pul proteinase K buffer for RNA purification at 55°C for
30 min with shaking to digest the protein. After purification,
enriched circ-ASPH was quantified using RT-qPCR as
aforementioned.

RNA pull-down assay. In total, 100 pmol biotin-labeled
circ-ASPH and oligonucleotide probes were incubated with
50 pl of magnetic streptavidin beads (cat. no. 20164; Thermo
Fisher Scientific, Inc.) for 2 h at 22-25°C. LN229 and U87MG
cells were lysed using Pierce IP Lysis Buffer (Thermo Fisher
Scientific, Inc.) according to the manufacturer's manual. RNAs
wer purified with TRIzol and the lysed samples were sonicated.
The sonication procedure is five series of 30 sec on (20 kHz)
and 30 sec off at 4°C. Immediately after sonication, samples
were centrifuged for 5 min at 12,000 x g at 4°C. After adding
hybridization buffer to the supernatants, 20 ul of samples were
then incubated overnight with the magnetic bead mixture
at 4°C. The supernatant was discarded and beads were washed
with 900 ul of wash buffer. In total, 95 ul of proteinease K
buffer and 5 ul of proteinase-K were added to the samples.
The samples were incubated for 45 min at 50°C then 10 min
at 95°C. Samples were chilled on ice for 3 min before separating
the beads from RNAs. RNAs were purified and DNA were
removed using an RNA Purification kit (cat. no. 12183555;
Thermo Fisher Scientific, Inc.) in accordance with the manu-
facturer's instructions. After purification, enriched circ-ASPH
and miRNAs were quantified by RT-qPCR. A negative control
was also performed using scrambled oligonucleotide probes.

Dual-luciferase reporter assay. CircRNA Interactome
(https://circinteractome.nia.nih.gov) and starBase 2.0
(http://starbase.sysu.edu.cn) were used to predict the target
miRNAs of circ-ASPH (16). The target genes of miR-599
were predicted using the target gene prediction software, star-
Base 2.0 (17). Data from The Cancer Genome Atlas (TCGA)
datasets were analyzed using starBase 2.0. Mutant (mut) or
wild-type (wt) circ-ASPH and the 3'-untranslated region (UTR)
of AR containing the predicted binding site for miR-599 were
amplified using PCR and cloned into the pmiR-Repot vector
(YouBio). Wt or mut plasmids (50 ng) were cotransfected with
scrambled mimics-negative control (NC) or miR-599 mimics
(20 nM; Shanghai GenePharma Co., Ltd.) into 293T (Type
Culture Collection of The Chinese Academy of Sciences,
Shanghai, China) cells using Lipofectamine 3000. A luciferase
assay was conducted using a dual luciferase reporter assay kit
(Promega Corporation) after 36 h of transfection according
to the manufacturer's instructions. The specific target activity

was expressed as the relative activity ratio of firefly luciferase
to Renilla luciferase.

Immunoblotting assay. Cell lysates harvested at 72 h
post-transfection were prepared using RIPA reagent (Beyotime
Institute of Biotechnology). A BCA assay kit (Beyotime
Institute of Biotechnology) was used to measure the concen-
tration of proteins. After that, all samples were incubated in
boiling water for 10 min to achieve protein denaturation. Then,
40 ug per lane of protein from each sample was subjected to
10% SDS-PAGE electrophoresis to separate proteins with
different molecular weights. Proteins were transferred to
PVDF membranes, followed by blocking with non-fat milk
at room temperature for 1 h. The blocked membranes were
then incubated with GAPDH (1:10,000; cat. no. ab181602)
and AR (1:1,000; cat. no. ab198394) rabbit primary antibodies
(both Abcam) for 12 h at 4°C, followed by incubation with
goat anti-rabbit IgG (HRP) secondary antibody (1:5,000;
cat. no. ab6721; Abcam) at room temperature for 2 h. ECL™
Blotting Reagent (Sigma-Aldrich; Merck KGaA) was used to
develop the signals of each band.

Cell Counting Kit (CCK)-8 and clone-forming assays. Cells
were seeded onto 96-well plates at 2,000 cells/well after
48 h of transfection. The culture medium was replaced with
90 pl of fresh medium and 10 ul of CCK-8 reagent (Shanghai
Yeasen Biotechnology Co., Ltd.) at the indicated time points
(0, 24, 48, 72 and 96 h). Absorption was detected at 450 nm
using a microplate reader (Thermo Fisher Scientific, Inc.).
For the clone-forming assay, 800 transfected cells were
suspended in RPMI-1640 medium and added to six-well
plates. After culturing for 12 days, the cells were fixed with
paraformaldehyde for 20 min at room temperature and stained
with crystal violet for another 20 min at room temperature
(Beyotime Institute of Biotechnology). Finally, the colonies
were manually counted.

Scratched wound assay. A scratched wound assay was
conducted as described previously (18). Briefly, LN229 and
U87TMG cells were seeded in a six-well plate. The sample cells
were continuously cultured until the cell fusion rate reached
>90%, and then medium with a low concentration of serum
(1%) was used to replace the culture medium. The scraper was
aligned at the lower part of the plate and pushed up slightly
to form a scratch. Images were captured at preset time points
(0 and 36 h for LN229 cells; 0 and 24 h for US7MG cells), and
cell migration rates were then calculated for each group. A
light microscope was used for visualizing and capturing the
images. ImageJ version 1.50i software (National Institutes of
Health) was used to analyze the distance of cell migrated.

Transwell experiments. A Transwell chamber (BD Biosciences)
was employed to determine cell migratory and invasive
abilities. For the invasion assay, the Transwell compartment
was coated with Matrigel (precooled at 4°C overnight) and
placed in an incubator at 37°C for 4 h to form a reconstructed
basement membrane. In total, 200 ul of serum-free medium
with the cells and 600 pl of corresponding medium with 10%
FBS were used for the upper and lower chambers, respectively.
After 24 h culturing at 37°C in a cell incubator, the cells in the
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upper chamber were discarded, the cells on the lower side of
membrane were fixed with paraformaldehyde for 20 min at
room temperature and stained with crystal violet for another
20 min at room temperature. The migratory or invasive cells
were assessed using a light microscope.

Statistical analysis. Data analyses were performed using
SPSS 22.0 software (IBM, Corp.). For group comparisons,
the differences between two groups and multiple groups were
analyzed via unpaired Student's t-tests and one-way ANOVA
with Tukey's test, respectively. For comparisons between
cancerous and adjacent normal tissues, paired t-tests were
used. Pearson's correlation analysis was carried out to examine
the correlation between miR-599, circ-ASPH and AR. Survival
curves were estimated by applying Kaplan-Meier method and
log-rank tests. P<0.05 was considered to indicate a statistically
significant difference.

Results

circ-ASPH expression is elevated in GM and associated with an
unfavorable prognosis. circRNA sequencing analysis revealed
128 circRNAs (fold-change >2; P<0.05) that were differentially
expressed between four pairs of GM and adjacent normal
controls. The hierarchical clustering of the top 25 upregu-
lated/downregulated circRNAs is shown in Fig. 1A. GM and
non-cancerous tissues from the same four patients to verify the
most upregulated circRNAs, including hsa_circRNA_102211,
_101314, 104666, _001678, _100017 and _104634. Among
these recruited candidates, hsa_circRNA _ 104634 was the
most upregulated circRNA (Fig. 1B). hsa_circRNA_104634
was spliced from the ASPH gene (chr8:62593526-62596747)
and the spliced length was 264 nucleotides. Thus, hsa_
circRNA_104634 was named circ-ASPH (Fig. 1C). The
differential expression of circ-ASPH in GM was then explored
in a large cohort of patients with GM (n=60). The data revealed
that the relative expression of circ-ASPH was significantly
higher in GM specimens compared with in non-tumorous
tissues (P<0.01; Fig. 1D). In addition, total RNA was isolated,
and RT-qPCR was used to measure circ-ASPH and linear
ASPH mRNA expression after treatment with actinomycin D at
different time points (0,4, 8, 12 and 24 h). Linear ASPH mRNA
had a shorter half-life compared with circ-ASPH, suggesting
the stability of circ-ASPH (Fig. 1E). To further confirm the
clinical relevance of circ-ASPH, Kaplan-Meier analysis was
applied. The 60 patients with GM were divided into high- and
low-circ-ASPH groups in accordance with the median expres-
sion level of circ-ASPH in cancer tissues. As a result, we found
that upregulation of circ-ASPH in tissue samples was associ-
ated with lower overall survival rate for patients with GM after
surgery (Fig. 1F). The expression of circ-ASPH in GM cell
lines and NHAs was measured using RT-qPCR. The expression
levels of circ-ASPH were significantly higher in U251 and
LN229 cells compared with in NHAs (P<0.01; Fig. 1G). Two
siRNAs targeting the back-spliced junction of circ-ASPH were
used to silence circ-ASPH expression in LN229 cells (Fig. 1H).

circ-ASPH accelerates GM cell proliferation and aggres-
siveness. LN229 cells transfected with si-circ-ASPH-1 and
si-circ-ASPH-2 both strongly downregulated the expression of

circ-ASPH (vs. si-NC, both P<0.01; Fig. 2A). si-circ-ASPH-1
was chosen for further functional study because it has a
stronger knockdown efficiency compared with si-circ-ASPH-2.
Additionally, circ-ASPH expression was upregulated in
U87TMG cells due to its low circ-ASPH expression among the
GM cell lines used in the present study. As a result, circ-ASPH
expression was significantly upregulated after transfection
with the circ-ASPH vector (vs. empty vector, P<0.01; Fig. 2B).
The CCK-8 and colony formation results suggested that cell
viability was repressed by circ-ASPH-silencing in LN229 cells
(Fig.2C and D). In contrast, circ-ASPH-overexpression resulted
in higher cell viability and more colonies formed in U§7TMG
cells, suggesting the cell viability and proliferation-promoting
role of circ-ASPH (Fig. 2C and D). Depletion of circ-ASPH
significantly induced cell migratory potential inhibition
in LN229 cells analyzed by wound healing and Transwell
migration assays (both P<0.01; Fig. 2E and F). circ-ASPH
elevation increased US7MG cell migration compared with
the empty vector group (P<0.05 and P<0.001; Fig. 2E and F).
Afterwards, cell invasion capacity was analyzed using a
Matrigel invasion assay. It was found that cell invasion was
markedly attenuated in cells transfected with si-circ-ASPH-1
compared with cells transfected with si-NC (P<0.01; Fig. 2F).
Moreover, increased circ-ASPH levels led to more US7MG
cells passing through the Transwell membrane coated with
Matrigel (P<0.01; Fig. 2F).

circ-ASPH sponges miR-599 to regulate AR expression in GM
cells. circ-ASPH was primarily localized to the cytoplasm of
LN229 and U87MG cell lines, as analyzed by a subcellular
distribution assay, indicating that circ-ASPH functions at the
post-transcriptional level (Fig. 3A). The potential interaction
between circ-ASPH and miRNAs was predicted using starBase
2.0 and circular RNA interactome online databases. Only one
miRNA, miR-599, was included in both databases (Fig. 3B).
circ-ASPH was significantly enriched in the anti-Ago2 immu-
noprecipitated pool compared with the anti-IgG pool (P<0.01).
After knockdown of circ-ASPH, the enrichment was partially
decreased in both LN229 and U87MG cells (anti-Ago2
si-NC vs. si-circ-ASPH-1; Fig. 3C). Additionally, overex-
pressed circ-ASPH elevated the efficiency of pull-down using
biotin-labeled circ-ASPH probes (Fig. 3D). Moreover, miR-599
was enriched in the circ-ASPH pull-downs from LN229 and
U87MG cells compared with the oligo probe group (both
P<0.01; Fig. 3E). Further dual-luciferase reporter assays indi-
cated that miR-599 mimics markedly inhibited the luciferase
signal of circ-ASPH wt but not circ-ASPH mut, compared with
mimics-NC (Fig. 3F and G). Bioinformatics analysis predicted
that AR is a potential target gene of miR-599. Moreover, the
results suggested that AR mRNA expression was significantly
elevated in GM cancerous tissue samples (P<0.01; Fig. 3H).
Data from TCGA indicated that high expression of AR in
GM tissues is associated with worse overall survival (Fig. 3I).
Correlations between circ-ASPH and AR mRNA/miR-599
expression were further evaluated. A significant positive
correlation between circ-ASPH and AR mRNA expression was
identified (R*=0.309, P=0.011; Fig. 3J). However, the data failed
to demonstrate the negative correlation between circ-ASPH and
miR-599 expression (Fig. 3K). Next, upregulation of AR in GM
cell lines was identified (Fig. 3L). AR downregulation induced
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assay. (D) Clone forming was detected after transfection in LN229 and US7MG cells by colony formation assay. (E) Cell migration was detected after transfec-
tion in LN229 and U87MG cells by wound healing assay. (F) Cell migration and invasion was detected after transfection in LN229 and U87MG cells using a
Transwell/Matrigel assay. "P<0.05 and “"P<0.01 vs. mock, si-NC or empty vector. GM, glioma; circ, circular; RT-q, reverse transcription-quantitative; si, small

interfering; NC, negative control; ASPH, aspartyl/asparaginyl 3-hydroxylase.

by miR-599 mimics was also validated. Conversely, cell trans-
fection with the miR-599 inhibitor resulted in AR upregulation
in US7MG cells compared with the inhibitor-NC (P<0.01;
Fig. 3M). A dual-luciferase reporter assay demonstrated an inhi-
bition of the luciferase activity of AR mRNA 3-UTR wt, but did
not change the luciferase intensity of AR mRNA 3-UTR mut,
confirming that AR mRNA 3'-UTR interacted with miR-599
(Fig. 3N and O).

circ-ASPH facilitates cell proliferation and invasion by regu-
lating AR expression. To further verify whether the oncogenic
function of circ-ASPH is partly attributed to its regulation
of AR, a rescue assay was performed. As Fig. 4A indicates,
silencing circ-ASPH attenuated AR expression levels compared
with si-NC. However, this effect could be partly reversed by
cotransfection with si-circ-:ASPH-1 and AR vector. Moreover,
overexpression of circ-ASPH led to enhanced expression of AR.
Further cotransfection with the circ-ASPH vector and si-AR
partly inhibited AR expression (Fig. 4A). For the functional
assay, CCK-8, clone-forming and Transwell invasion assays

showed that silencing of circ-ASPH attenuated cell proliferation,
clone formation and cell invasion in LN229 cells. Meanwhile,
cotransfection with si-circ-ASPH-1 and AR vector partly
promoted cell proliferation, colony formation and cell invasive
capacity (Fig. 4B-D). For US87MG cells, overexpression of
circ-ASPH contributed to cell proliferation, clone forming and
cell invasion. After cotransfection with circ-ASPH vector and
si-AR, the cell viability, colony formation ability and invaded
cells were partially decreased (Fig. 4B-D).

AR activates SOCS2-ASI expression in GM cells. AR func-
tions as a steroid hormone-activated transcription factor (19).
A previous study reported its downstream targets in various
malignancies, such as prostate cancer (20). The present
study focused on IncRNAs that have been reported as targets
of AR in other cancer types, including TMPO-AS1 (21),
LINCO00304 (22), PRCAT38 (23), ARLNCI (24), GASS (25),
SOCS2-AS1 (13), and ZEB1-AS1 (26) (Fig. 5A). It was
identified that only the expression of SOCS2-AS1 was
increased after AR overexpression (Fig. 5B). Consistent with
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expectations, decreased AR markedly inhibited SOCS2-AS1
expression (Fig. 5C). There was a positive correlation
between circ-ASPH and SOCS2-ASI expression (R?=0.729;
Fig. 5D). However, there was no correlation between AR
mRNA and SOCS2-AS1 expression (Fig. SE). SOCS2-AS1
downregulation induced by si-circ-ASPH-1 was validated.
Similarly, elevated circ-ASPH led to enhanced expression of
SOCS2-AS1 (P<0.01; Fig. 5F).

Discussion

Recently, circRNAs have been clarified to regulate a number
important processes, such as metastasis, differentiation and

metabolism, leading to the progression of several diseases
including malignant tumors (27). In previous studies,
several circRNAs such as circ-FBXW7, circ-KIF4A and
circ-TTBK?2 have been proven to play essential functions in
GM tumorigenesis (28-30). In the present study, a circRNA
microarray was conducted to study the expression profile in
GM. A total of 128 circRNAs with different expression levels
were identified. The top six upregulated circRNAs, namely
hsa_circRNA_102211, _101314, _104666, _001678, _100017
and _104634, were analyzed using RT-qPCR. Among these
circRNAs, hsa_circRNA_104634 was the most upregulated.
hsa_circRNA_104634 is spliced from exons 2-4 of the
ASPH gene (31). Kaplan-Meier analysis with the log-rank test
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Figure 3. circ-ASPH sponges miR-599 to upregulate AR expression in GM. (A) RT-qPCR detection of the percentage of circ-ASPH in the cytoplasmic and
nuclear fractions of LN229 and U87MG cells. (B) miRNAs that may be sponged by circ-ASPH were predicted using the starBase 2.0 and circRNA interactome
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(F) Schematic illustration of circ-ASPH-wt and circ-ASPH-mut luciferase reporter vectors. (G) Binding ability between circ-ASPH and miR-599 was detected
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AR mRNA expression was detected after transfection in LN229 and U87MG cells by RT-qPCR. (N and O) Binding ability between AR mRNA 3'-UTR and
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identified circ-ASPH as a prognostic indicator for patients  circ-ASPH was not investigated because the clinical charac-
with GM. Nevertheless, the independent prognostic role of  teristics of several patients were incomplete.
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Figure 4. circ-ASPH contributes to glioma progression by regulating AR expression. (A) Protein level of AR was measured by western blotting after transfec-
tion in LN229 and U87MG cells. (B) A Cell Counting Kit-8 assay was performed to analyze the viability of LN229 and U87MG cells after transfection.
(C) A colony formation assay was performed to detect the clone forming ability of LN229 and U87MG cells after transfection. (D) A Transwell assay was
performed to detect the migration and invasion of LN229 and U87MG cells after transfection. "P<0.05 and “P<0.01 vs. respective control. circ, circular; si,
small interfering; NC, negative control; ASPH, aspartyl/asparaginyl 3-hydroxylase.
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control. Inc., long non-coding; RT-q, reverse transcription-quantitative; NC, negative control; si, small interfering; ASPH, aspartyl/asparaginyl 3-hydroxylase.

After confirming the expression levels of circ-ASPH
and its clinical relevance, a series of functional assays were
performed to determine its functions in GM cells. LN229
and U87MG cells were selected for further study. The data
illustrated that decreased circ-ASPH inhibited GM cell
proliferation, migration and invasiveness and vice versa.
The localization of circRNAs suggests how they exert
their functions (32). circ-ASPH is primarily localized to
the cytoplasm, which suggests that it has mechanisms in
post-transcriptional gene regulation (33). Several studies
have determined the importance of miR-599 in suppressing
cancer progression, such as gastric cancer and esophageal
squamous cell carcinoma (34,35). Moreover, miR-599 func-
tions as a tumor suppressor by targeting Ras-related protein
Rab-27B and periostin in glioma (36,37). The present study
demonstrated that circ-ASPH counteracts miR-599-medi-
ated AR suppression by acting as asponge for miR-599, which
broadens the understanding of the functions of miR-599.
AR is a steroid hormone-activated transcription factor (19).
Upon binding the hormone ligand, the receptor dissociates
from accessory proteins, translocates into the nucleus,
dimerizes and then stimulates transcription of androgen
responsive genes (20). The current study identified that the
oncogenic role of circ-ASPH is partially dependent on its
regulation of AR. IncRNAs, including TMPO-AS1 (21),
LINC00304 (22), PRCAT38 (23), ARLNCI (24), GASS (25),
SOCS2-ASI1 (13), and ZEB1-AS1 (26), have been identified
as direct targets of AR in other malignancies, including
prostate cancer (21-25) and cholangiocarcinoma (26).
Among these IncRNAs, only SOCS2-AS1 expression
was regulated by AR in GM, suggesting a tissue-specific
mechanism of AR. SOCS2-ASI1 is a well-known IncRNA
that promotes prostate cancer cell development and

progression (13). Furthermore, SOCS2-AS1 was also
positively regulated by circ-ASPH in the present study.
Therefore, circ-ASPH/miR-599/AR/SOCS2-AS1 signaling
functions in GM progression.

In conclusion, circ-ASPH counteracted miR-599-medi-
ated AR suppression by acting as a sponge for miR-599.
Furthermore, AR positively regulated IncRNA SOCS2-AS1
expression levels in GM. Taken together, these data suggested
that the circ-ASPH/miR-599/AR/SOCS2-AS1 axis may be a
promising molecular target for GM.
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